Abstract: Robust chemical routes towards valuable bioactive entities such as riboflavines, quinoxalinones and benzodiazepines are described. These make use of modern flow hydrogenation protocols enabling the chemoselective reduction of nitro group containing building blocks in order to rapidly generate the desired amine intermediates in situ. In order to exploit the benefits of continuous processing the individual steps were transformed into a telescoped flow process delivering selected benzodiazepine products on scales of 50 mmol and 120 mmol respectively.
Introduction
The quest to develop efficient and economic routes towards molecules with potential biomedical applications continues to be one of the most challenging tasks of modern synthetic organic chemistry [1] [2] [3] . As such medicinal chemistry programs commonly seek to identify valuable heterocyclic core structures that can subsequently be diversified delivering libraries of new compounds for high throughput screenings. While the most recent drug candidates entering clinical trials are likely to be based on new scaffolds it might be surprising to learn that at least two thirds of today's top-market drugs are based on venerable classical heterocyclic cores clearly indicating the value of such privileged structures [4] [5] [6] .
OPEN ACCESS
Even though the search for new promising lead compounds continues to be a constant within pharmaceutical and agrochemical research environments, the last 15 years have witnessed a true step change in how such structures are prepared and evaluated [7] [8] [9] . This includes the before-mentioned high-throughput screening efforts in order to test compounds rapidly as well as the incorporation of so-called enabling technologies such as microwave and flow reactors [10] [11] [12] [13] [14] [15] [16] . The latter have now gained widespread acceptance in the field as they typically offer improvements in efficiency and safety when accessing valuable chemicals on scales ranging from the initially required milligrams to kilograms and indeed metric ton-scale production [17] [18] [19] [20] [21] . Importantly, both industry and academia are driving research in these areas at an impressive rate aiming to improve the often low success rates of current drug development programs [22] [23] [24] [25] .
Research in our team over the last decade has focused on the development of new instrumentation [26] [27] [28] [29] [30] [31] and methodologies [32] [33] [34] geared towards efficient and innovative flow synthesis. One key area has been the assembly and elaboration of numerous heterocyclic scaffolds and target molecules as required in medicinal chemistry programs [35] [36] [37] [38] [39] [40] . For example, one of our recent research programs was directed at the synthesis of diversely functionalized pyrrolidines achieved by means of chemoselective hydrogenation of N-benzyl-protected 4-nitropyrrolidines which was successfully performed using the H-Cube™ flow system [41] [42] [43] . This small foot-print flow instrument conveniently and safely performs the electrolysis of water and mixes the in situ generated hydrogen gas with the substrate stream. Subsequent passage of the resulting mixture through a heated cartridge containing a heterogeneous catalyst allows for the rapid hydrogenation of various functional groups with residence times typically ranging from 1-5 min. We now wish to disclose our continuation of our earlier findings which further harnesses the many advantages of flow-based synthesis in generating libraries of important bioactives such as riboflavines and benzodiazepins. Riboflavine (vitamin B 2 ) is the central component of the redox cofactors flavine adenine dinucleotide (FAD) and flavine mononucleotide (FMN), and its analogues have been reported to display anti-inflammatory, antihyperalgesic, anticancer and antimalarial activities [44] [45] [46] . The non-natural benzodiazepines on the other hand constitute of a class of molecules possessing psychoactive activity acting on the gamma-aminobutyric acid receptors (GABA receptors) [47] [48] [49] . Consequently, several of today's widely prescribed medications such as olanzapine, alprazolam, clonazepam and diazepam contain the benzodiazepine pharmacophore highlighting its continued importance [50, 51] .
Results and Discussion

Synthesis of Riboflavins Derivatives
Most commonly, riboflavine analogues can be accessed by the direct condensation of 1,2-diaminobenzene derivatives 2 and alloxane (3) [52] [53] [54] [55] [56] [57] . This transformation renders the tricyclic riboflavines directly if performed in acidic conditions, whereas quinoxalinone derivatives are obtained under neutral conditions. One major drawback of this strategy, however, lies in the limited commercial availability and unstable nature of many 1,2-diaminobenzenes. We therefore elected to use the H-Cube™ flow hydrogenation system in order to prepare the required 1,2-diaminobenzene substrates 2 in situ from low cost and easily sourced 2-nitroaniline starting materials 1.
To this end stock solutions of various 2-nitroanilines in methanol/ethyl acetate (1:1 by volume, 0.1-0.25 M) were prepared and pumped into the H-Cube™ system where after mixing with the in situ generated hydrogen gas the stream was directed into a pre-packed cartridge containing a heterogeneous metal catalyst. Initial experiments established that the best results were obtained when using a cartridge filled with palladium on carbon (10 wt %). Passing the solution of substrate through this cartridge maintained at slightly elevated temperature (45 °C) delivered a colourless product stream within a residence time of 4-6 min. While this colour change conveniently served as an indication of the complete reduction of the typically yellow 2-nitroaniline starting materials, it was observed that this solution would turn yellow then to brown upon standing, correlating to slow re-oxidation/decomposition of these unstable intermediates. For this reason the 1,2-diaminobenzene intermediates 2 were not isolated, but rather collected in a stirred vial containing alloxane (3) (equimolar concentration 0.1-0.25 M) dissolved in methanol containing HCl (5 mol %, rt) to afford the desired riboflavine adducts (4). It was found that the final cyclocondensation was best performed in batch at ambient temperature allowing for the isolation of the precipitated products in good yields and excellent purity (Scheme 1).
Scheme 1. Riboflavine analogues prepared.
a PtO 2 used instead of Pd/C. b from 3,5-dibromo-1-nitro-2-aminobenzene. * single regioisomer.
During our study we found that using a Pd/C catalyst cartridge reliably reduced the 2-nitroaniline inputs, however, in case of substrates containing sensitive chloro-or bromo-substituents concomitant dehalogenation was observed. However, this could be avoided by substituting the Pd/C catalyst for PtO 2 allowing access to the riboflavine analogues functionalized by chloro and bromo groups which are valuable materials for further elaboration using transition metal coupling chemistries.
In addition to this series of riboflavines we also decided to study the synthesis of the related quinoxalinone structures 13 which are obtained when treating the in situ generated 1,2-diaminobenzenes with alloxane under neutral conditions. The desired structures were again isolated in good to excellent yields using the H-Cube™ in combination with Pd/C or PtO 2 as catalysts in the first step (Scheme 2). These materials were extremely polar adducts which were difficult to isolate using standard chromatographic methods, however, a slight modification of the reaction solvent system (3:1 EtOAc/MeOH) furnished the desired products in high isolated yield.
As expected, regioisomeric products were obtained in both series when non-symmetrical starting materials were used. The ratio of the regioisomers was strongly dependent upon the specific substitution pattern mainly arising from electronic differentiation of the 1,2-dinitrogen functionality biasing the initial nucleophilic attack on the alloxane (3). As these mixtures could not be separated by column chromatography the combined yield and the corresponding ratio is reported for each pairing. Taking an isolated mixture of compound (13) and subjecting it to the acidic conditions used to form the equivalent cyclised structure (4) gave a very slow transformation to the desired material (6 days, 45% conversion). Heating the reaction mixture aided solubility and increased the rate of the transformation as did adding polar solvents such as DMSO and DMF. In each case the resulting regioisomeric ratio was directly translated from the starting material (13) into the regioisomeric composition of compound (4).
Scheme 2. Quinoxalinone analogues prepared.
a PtO2 used instead of Pd/C. b from 3,5-dibromo-1-nitro-2-aminobenzene. * from regioisomeric substrates.
Synthesis of Dibenzodiazepine Structures
Despite the significant pharmacological potential of various dibenzodiazepine scaffolds very little progress has been made towards developing improved synthetic procedures since the pioneering studies of Schmutz et al. in the early 1960s [58] [59] [60] . In part this might be due to the now well-known side-effects such as long-term tolerance and dependence symptoms of the related benzodiazepine structures [61, 62] . However, given the growing demand for medications treating neurological disorders one can expect a renewed interest into these structures, especially if compounds with more desirable long-term profiles can be identified. Furthermore, recent reports have started to reveal the binding mode of benzodiazepines within the GABA A receptor and have consequently stimulated the synthesis and testing of new analogues [63] . Crucial for further advancement will be the availability of robust and efficient methodology delivering new sets of analogues based on this classical scaffold. For this reason we decided to establish a concise route combining a S N Ar reaction to first build a nitrodiarylamine intermediate 25, which upon reduction of the pendant nitro group would furnish an amine, which subsequently undergoes a cyclodehydration reaction affording the desired dibenzodiazepine scaffold (Scheme 3). This process is particular desirable with respect to its atom-and step-economy. Scheme 3. Synthetic route for the synthesis of dibenzodiazepines.
We initiated our studies by subjecting several 2-aminobenzophenones 24 to S N Ar reactions with 2-fluoronitroarenes 23 in the presence of LiHMDS as a base. It was discovered that microwave heating effectively and conveniently generated the desired products 25 in high yields within short reaction times. Following aqueous work-up these diarylamine intermediates were redissolved in acetonitrile or a mixture of CH 2 Cl 2 /MeOH (depending on solubility) and passed through an H-Cube™ flow system operated at slightly elevated temperature (60 °C) in order to accomplish full conversion within ~5 min residence time. Based on the previously observed benefits of using PtO 2 instead of Pd/C as catalyst within the flow cartridges we decided to use this catalyst throughout this study. Anhydrous MgSO 4 was placed in-line using a packed glass Omnifit column to assist in the final cyclodehydration process. The desired dibenzodiazepines were typically isolated in high yield following solvent evaporation and chromatographic purification (Table 1) .
However, the initial batch microwave S N Ar reaction significantly restricted our ability to easily scale up the sequence. This was particularly frustrating as the subsequent flow hydrogenation process was an essentially quantitative transformation completed in a short residence time. Consequently, we wished to establish a more direct and streamlined delivery of material from the S N Ar step to create a fully integrated multi-step process. From initial base screening we had also identified that KO t Bu and n-BuLi were effective for the S N Ar transformation. Therefore, in order to create a potentially continuous process we elected to use stock solutions comprising of 1.6 M n-BuLi in hexanes (channel A, Scheme 4) and 0.3 and 0.25 M solutions of 2-fluoronitroarene (23; channel C) and 2-aminobenzophenone (24; channel B) respectively in 3-methyltetrahydrofuran (3-MeTHF). A simple flow reactor was assembled using two low volume PTFE pre-cooling loops (1 mL, cooled to 0 °C -channels A and B) linked by a T-mixer to a short tube reactor (0.10 mL, rt) in which the rapid deprotonation occurs. A second T-mixer successively unites the third flow stream containing the electrophile (channel C) before the reaction enters a 52 mL heated reactor coil (115 °C) to promote the substitution step. Optimised flow rates of 0.1 mL/min-channel A, 0.5 mL/min-channel B and 0.5 mL/min-channel C, gives corresponding residence times of 10 s and 47.3 min in the two reactor zones. The downstream work-up and purification was performed by the introduction of an aqueous solution of NaHCO 3 (1 M, 2.5 mL/min) mixed within a 2.5 mL Uniqsis mixer chip and directed into a 10 mL PTFE coil reactor where the mixture developed into plug flow. The resultant biphasic feed was collected into a continuous separation tank (70 mL Biotage Universal Phase Separator-Cat No. 120-1930-V). The aqueous phase was constantly removed using a positioned side arm run off to maintain a fixed liquid volume (~45 mL). The separated organic layer was dried by passage through an exchangeable column of oven dried alumina (120 g) then diluted (1:1) with a MeOH make-up stream prior to entering the H-cube MIDI™ hydrogenator (5 bar, 45 °C, 2.2 mL/min, 116 mm × 9.2 mm, PtO 2 ). The reaction step within the H-cube™ was started with a delay of 90 min relative to the first reactor; a buffering reservoir was placed between the two stages to compensate for the volume. Solvent evaporation of the processed solutions allowed isolation of the crude materials (entry 3 and 8 above; 27c = 50 mmol scale, crude 13.7 g, ~83% purity: 27h = 120 mmol scale, crude 38.1 g, ~69% purity) in comparable purities and isolated yields (27c 68% and 27h 51%) to the original two-step process. Isolation was achieved by loading the crude material onto samplet cartridges (10 g) followed by chromatography using a Biotage SP4 instrument.
Scheme 4. Continuous flow synthesis of dibenzodiazepines.
A particularly notable feature of these dibenzodiazepine structures is the prevalence of different tautomers A and B that form in a pH-dependent manner (Scheme 5). Based on our observations we conclude that tautomer A is the predominant species formed during the cyclodehydration event, which interconverts into tautomer B upon exposure to acidic media such as the silica gel used in the purification. In order to prove this assumption, mixtures of both tautomers were dissolved in formic acid (0.15 M, in MeOH/EtOAc, 1:1) leading over the course of 30 min to full conversion into tautomer B as evidenced by the results of several single crystal X-ray diffraction experiments. Moreover, these X-ray structures reveal the distinct non-planar shape of these molecules due to the steric impact of the attached aryl substituent resulting in an unusual three-dimensional orientation of these dibenzodiazepine derivatives.
Scheme 5.
Tautomer interconversion and X-ray crystal structures of compounds 27b, 27d and 27e (nitrogen: blue; chlorine: green).
Experimental
Full experimental details and spectroscopic characterization data is given is the proceeding section:
General Information
Unless otherwise specified, reagents were obtained from commercial sources and used without further purification. Solvents were obtained from Fisher Scientific and distilled before use. H-NMR spectra were recorded on a Bruker Avance DPX-400, DPX-500, or DPX-600 spectrometer with the residual solvent peak as the internal reference (CDCl 3 = 7.26 ppm, d 6 -DMSO = 2.50 ppm). 13 C-NMR spectra were recorded on the same spectrometers with the central resonance of the solvent peak as the internal reference (CDCl 3 = 77.16 ppm, d 6 -DMSO = 39.52 ppm). DEPT135, COSY and HMQC experiments were used to aid structural determination and spectral assignment.
IR spectra were recorded neat on a PerkinElmer Spectrum One FTIR spectrometer with Universal ATR sampling accessories. Letters in parentheses refer to the relative absorbance of the peak: w = weak (<40% of the most intense peak), m = medium (40%-70% of the most intense peak), s = strong (>70% of the most intense peak).
High resolution mass spectra (HRMS) were recorded on a Waters Micromass LCT Premier Q-TOF spectrometer by electrospray ionisation (ESI) or an ABI/MDS Sciex Q-STAR Pulsar. The mass reported is containing the most abundant isotopes. Limit: ±5 ppm. LC-MS analysis was performed on an Agilent HP 1100 series chromatograph (Mercury Luna 3μ C18 (2) column) attached to a Waters ZQ2000 mass spectrometer with ESCi ionisation source in ESI mode.
General Procedure for the Hydrogenation Reactions in Flow Using the H-Cube ®
A solution of the nitroaniline (1 mmol, 0.1-0.25 M, MeOH/EtOAc, 1:1) was passed through the H-Cube ® , which was equipped with a cartridge filled with the corresponding Pd/C or PtO 2 /C catalyst. Extra back pressure regulators were added to the H-Cube ® set-up, with a pressure of 100 psi (6.9 bar) being applied before the solution entered the H-Cube ® and a pressure of 250 psi (17.2 bar) applied to the exiting solution. The nitroanilines were pumped at different temperatures and flow rates depending on the substrate using full H 2 mode. The exiting solutions were concentrated to determine the reaction conversion by 1 H-NMR analysis and used subsequently due to the instability of the diamines. The catalyst cartridge was exchanged approximately every 8 runs.
General Procedure for the Formation of the Riboflavine Analogues 5-12
The diamines generated by the hydrogenation process in flow were mixed with alloxane monohydrate (0.160 g, 1 mmol) and hydrogen chloride in methanol (1 mL of approx. 1.25 M concentration) and left to stir at room temperature overnight. The product was then filtered and the solid product was dried in vacuo. (6) . Prepared from 2-nitroaniline (0.138 g, 1 mmol) to give a pale green solid (0.131 g, 61% yield). 
7,8-Dimethylbenzo[g]pteridine-2,4(3H,10H)-dione (5)
.
Benzo[g]pteridine-2,4(3H,10H)-dione
7-Methylbenzo[g]pteridine-2,4(3H,10H)-dione and 8-methylbenzo[g]pteridine-2,4(3H,10H)-dione (7).
Prepared from 4-methyl-2-nitroaniline (0.152 g, 1 mmol) to give a yellow solid, with two regioisomers found in a 4:3 ratio (0.212 g, 96% yield 
7-Methylbenzo[g]pteridine-2,4(3H,10H)-dione and 8-methyl-benzo[g]pteridine-2,4(3H,10H)-dione (7)
. Prepared from 5-methyl-2-nitroaniline (0.152 g, 1 mmol) to give a yellow solid, with two regioisomers found in a 4:3 ratio (0.140 g, 61% yield). This was indicated by 1 H-NMR to be identical to tne above compounds 7.
7-Methoxybenzo[g]pteridine-2,4(3H,10H)-dione and 8-methoxybenzo[g]pteridine-2,4(3H,10H)-dione (8).
Prepared from 4-methoxy-2-nitroaniline (0.206 g, 1 mmol) to give an orange solid, with two regioisomers found in a 3:2 ratio (0.1043 g, 43% yield). 
7-Fluorobenzo[g]pteridine-2,4(3H,10H)-dione and 8-Fluorobenzo[g]pteridine-2,4(3H,10H)-dione (9).
Prepared from 4-fluoro-2-nitroaniline (0.106 g, 1 mmol) to give a green solid with two regioisomers found in a 5:3 ratio (0.1678 g, 73% yield 
8-Chlorobenzo[g]pteridine-2,4(3H,10H)-dione and 7-chloro-benzo[g]pteridine-2,4(3H,10H)-dione (11).
Prepared from 4-chloro-2-nitroaniline (0.172 g, 1 mmol) to give a pale yellow solid, with two regioisomers found in a 5:1 ratio (0.121 g, 49% yield).
1 H-NMR gave broad peaks. 
General Procedure for the Formation of the Dehydroquinoxalines Analogues 14-22
The diamines generated by the hydrogenation process in flow were mixed with alloxane monohydrate (0.160 g, 1 mmol) and left to stir at room temperature overnight. The product was then filtered and the solid product was dried in vacuo. (14) . Prepared from 4,5-dimethyl-2-nitroaniline (0.166 g, 1 mmol) to give a dull yellow solid (0.212 g, 84% yield). (15) . Prepared from 2-nitroaniline (0.138 g, 1 mmol) to give a light green solid (0.228 g, 98% yield). (17) . Prepared from 5-methyl-2-nitroaniline (0.152 g, 1 mmol) to give a bright yellow solid, with two regioisomers found in a 3:2 ratio (0.215 g, 87% yield). This was gave an identical 1 H-NMR to 16. (20) . Prepared from 2-nitro-5-(trifluromethyl)-aniline (0.206 g, 1 mmol) to give a pale yellow solid, with two regioisomers in a 5:2 ratio (0.178 g, 59% yield). 1 H-NMR gave broad peaks and not all quaternary centres were observed in the 13 C-NMR. 
N-Carbamoyl-6,7-dimethyl-3-oxo-3,4-dihydroquinoxaline-2-carboxamide
N-Carbamoyl-3-oxo-3,4-dihydroquinoxaline-2-carboxamide
N-Carbamoyl-7-methyl-3-oxo-3,4-dihydroquinoxaline-2-carboxamide and N-carbamoyl-8-methyl-3-oxo-3,4-dihydroquinoxaline-2-carboxamide (16
N-Carbamoyl-7-methyl-3-oxo-3,4-dihydroquinoxaline-2-carboxamide and N-carbamoyl-8-methyl-3-oxo-3,4-dihydro-quinoxaline-2-carboxamide
N-Carbamoyl-7-methoxy-3-oxo-3,4-dihydroquinoxaline-2-carboxamide and N-carbamoyl-8-methoxy-3-oxo-3,4-dihydroquinoxaline-2-carboxamide (18
N-Carbamoyl-3-oxo-7(trifluoromethyl)-3,4-dihydro-quinoxaline-2-carboxamide and N-carbamoyl-3-oxo-8(trifluoromethyl)-3,4-dihydroquinoxaline-2-carboxamide
6,8-Dibromo-N-carbamoyl-3-oxo-3,4-dihydroquinoxaline-2-carboxamide or 7,9-dibromo-N-carbamoyl-3-oxo-3,4-dihydroquinoxaline-2-carboxamide (22)
General Procedure for the Formation of 1,5-Dibenzodiazepines 27a-k
A mixture of the fluoro nitrobenzene derivative and the corresponding amino benzophenone/ fluorenone (1:1) was dissolved in dry THF in a microwave vial. Lithium bis(trimethylsilyl)amide (LiHMDS, 1.0 M solution in THF) was added dropwise and the mixture heated to 100 °C for 30 to 90 min using a Biotage Initiator microwave instrument. The reaction was quenched by addition of water and the mixture extracted with EtOAc. The combined organic layers were dried over anhydrous Na 2 SO 4 and the solvent evaporated under vacuum. Most of the intermediate products (25) were not further purified but directly hydrogenated in flow, although some of them were subjected to column chromatography and fully characterised to confirm the structure and complete data is shown below. The nitro phenylamino derivatives 25 were hydrogenated in flow at 60 °C using a flow rate of 0.5 mL/min, following the general procedure described before. The generated diamines were collected over MgSO 4 and stirred for a further 1-2 h at room temperature to enhance the cyclisation process. After filtration to remove the drying agent, catalytic formic acid was added to the remaining solution and the mixture was stirred at room temperature overnight. The solvent was then removed under vacuum and the final benzodiazepines were purified by column chromatography and fully characterised by NMR. [b,e] [1, 4] diazepine (27a). Prepared from 1-fluoronitrobenzene and 2-aminobenzophenone (175 mg, 65% yield). [b] fluoreno [1,9-ef] [1, 4] diazepine (27i). Prepared from 1-fluoronitrobenzene and 2-aminofluorenone (120 mg, 51% yield). [1,9-ef] [1, 4] diazepine (27j). Prepared from 1,4-difluoro-2-nitrobenzene and 2-aminofluorenone (105 mg, 37% yield). [1,9-ef] [1, 4] diazepine (27k). Prepared from 4-chloro-2-fluoro-1-nitrobenzene and 2-aminofluorenone (105 mg, 42% yield).
11-Phenyl-5H-dibenzo
13H-Benzo
10-Fluoro-13H-benzo[b]fluoreno
11-Chloro-13H-benzo[b]fluoreno
Conclusions
In summary, we have successfully extended on our earlier reports detailing the flow-based chemoselective reduction of important nitro substituted building blocks. This efficient methodology allowed the rapid generation of valuable aminobenzene intermediates, which were used as starting points in accessing important heterocyclic scaffolds such as riboflavines, quinoxalinones and dibenzodiazepines. Importantly, the mild reaction conditions of the developed protocols allow for directly employing substrates bearing valuable yet sensible halide functionalities.
